Proton NMR spectroscopyat 600 MHz was performed on 70 specimens of human amniotic fluid, representing pregnancies at different stages of maturation and with different fetomaternal complications. Spectra with good signal-tonoise characteristicswere obtained in 3.5 mm of acquisition time, directly on untreated fluid, with presaturation to suppress the intense water resonance. Metabolites that generally gave rise to well-resolved resonances included lactate, glucose, creatinine, choline derivatives, citrate, acetate, alanine, glycine, glutamate, succinate, and others. For three of these metabolites-creatinine, glucose, and lactate-the peak intensities correlated well with resultsof conventionalchemical analysis. The NMR spectra of third-trimester specimens were readily distinguishable from those of second-trimester specimens, and several peak intensitiescorrelated with fetal maturation duringthe third trimester. Significant correlations with maternal preeclampsia and fetal open spina bifida were also observed. 
Materials and Methods
AF specimens used in this study were left over from routine clinical analyses performed in the laboratories of University Hospital, State University of New York at Stony Brook. Because no specimens were specifically obtained for the purposes of this study, procedures were in accordance with the Revised 
Results

Proton
NMR spectra of AF were obtained with good signal-to-noise characteristics regions of the spectrum are so crowded that individual peaks are difficult to resolve, even at 600 MHz. Ultimately, to correlate such complex spectra with clinical variables may require sophisticated pattern-recognition approaches. For the purposes of this initial study, spectra were analyzed by measuring the intensities of 10 peaks in the aliphatic region that had been assigned to 10 different metabolites of physiological importance (Table 1) . These peaks were generally well resolved, but in some cases, particularly for the glycine and choline peaks, which are in proximity to glucose peaks, the intensities may have been affected by peak overlap, so
FIg. 1. 600-MHz water-suppressed proton NMR spectrum of human amniotic fluidfrom a normal pregnancy in the second trimester.
Numbered peaks, listed In Table 1 , were usedto establisha set of peak intensity ratios for each spectrum. lac, lactate; gly, glycine; creat, creatinine; cit, citrate; gla, glutamate; so, acetate;Ieu, leucine;ala, alanine; val,vailne;lieu,isoleucine; TSP (referencecompound). The singletpeakfrom the N-methyl resonancesof cholinederivatives(peak4) is noteasilyvisible in this figure;it is a shoulder onthe leftof a tnplet fromglucose. Table 2 . Maturation was associated with statistically significant changes in six of the nine peak ratios, based on ANOVA that included all four categories. For glycine, succinate, alanine, and glutamate, the change was essentially a drop after the second trimester, followed by a plateau during the third trimester (although a small increase in the glutamate ratio during the third trimester was statistically significant).
Peaks assigned to valine, isoleucine, and the aromatic amino acids (phenylalanine, tyrosine, and histidine)
were not included in the quantitative analysis, but they too were much more prominent in second-trimester than in third-trimester spectra. In contrast, the lactate, choline, and creatinine ratios all increased substantially during the third trimester. Changes in the glucose and acetate ratios were not statistically significant. Linear discriminant analysis was performed to determine how well the peak ratios, taken together, could predict the fetal maturation category. The maturation category was the dependent categorical variable, having the four possible values listed above. The nine peak ratios for each spectrum were the independent variables, for which the analysis determined the optimum linear combination to predict maturation category. The model correctly placed all 10 second-trimester specimens in that category. Of the 43 third-trimester specimens, all were placed in a third-trimester category, and
Correlation of Peak Height Ratios with Substance Concentration
Because NMR peak intensities were not calibrated relative to concentration standards in this investigation, the potential accuracy of NMR for measuring absolute concentrations of AF metabolites could not be determined. However, the linearity of NMR peak intensity as a function of substance concentration could be partially assessed by examining ratios. Conventional biochemical assays for glucose, creatinine, and lactate were performed on 18 of the AF specimens. Fig. 2 shows a plot of the ratio, in arbitrary units, of creatinine to glucose concentrations measured by chemical assay, vs the intensity ratio of their NMR peaks. Good correlation was observed (r = 0.97) with no substantial outliers, and nearly as good correlation was observed (r = 0.93, plot not shown) for the lactate to glucose ratio. These results argue that, at least for these three analytes, nonlinearities in NMR peak intensities are probably minimal, and accurate concentration measurements should be possible if appropriate calibration is performed. the remaining 3 discrepancies (7%) were mature fluids that were misclassified as immature.
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Preeclampsia.
Of the third-trimester specimens, obstetrical records indicated that 7 were associated with mild to severe preeclampsia and 36 were not. Statistically significant differences in peak intensity ratios were observed for choline (mean 1.90 in affected vs 2.89 in unaffected, P = 0.02), succinate (0.59 vs 0.96, P = 0.02), and acetate (0.16 vs 0.58, P = 0.02). Several other intensity ratios were also lower in the affected group, suggesting that, because the citrate peak intensity is the denominator in the intensity ratios, citrate concentrations may have been higher in the affected group.
Gestational
diabetes. Five specimens were from women affected by mild to severe gestational diabetes. No statistically significant differences in peak intensity ratios were observed for the affected group.
Open spina bifida (OSB). Nine fluids were exAmined from second-trimester pregnancies affected by OSB, as confirmed by sonography and a.fetoprotein determination. In four of these cases, the appearance of the spectrum was markedly altered, with the emergence of peaks not seen in other spectra and (or) the absence of some of the usual peaks, e.g., for citrate. Intensity ratios were therefore not determined in those cases. Intensity ratios were measured for the other five cases, for which the spectra had a generally normal appearance. As shown in Table 3 , statistically significant differences were observed for the lactate, glutamate, and acetate ratios. A linear discriminant analysis model correctly distinguished all 5 of these affected cases from the 10 unaffected controls.
Fetal trisomy 21. Three specimens
were examined from pregnancies affected by fetal trisomy 21 (Down syndrome).
The spectra were generally normal in appearance.
The number of cases is too small for reliable Good correlations were in fact observed in the case of either creatinine (Fig. 2) For the purposes of this exploratory investigation, each spectrum was reduced to a set of 10 peak intensities, representing metabolites that are usually well resolved in the aliphatic region of the AF spectra ( Table   1) . Because the absolute peak intensities were arbitrary, I selected one of the peaks (the second peak of the citrate quartet) as an internal reference and expressed the intensity of each of the other nine peaks as a ratio to that reference. I could then examine, using statistical comparison tests, the association of individual peak ratios with clinical categories and, using linear discriminant analysis, the association of the overall set of nine ratios with clinical categories. Although only a modest number of cases in different categories were examined, the results were encouraging that useful associations are indeed present.
In relation to maturity of the fetus, the relative intensity of the creatinine peak correlated best with conventional tests of fetal lung maturity. This is not surprising, given that creatinine has long been used as a test of fetal maturity (16) but has essentially been replaced by measurements specifically related to pulmonary surfactant,
